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M
any techniques have been developed for processing electromagnetic and magnetic data to discriminate unexploded ordnance (UXO) from non-UXO, but their performance is negatively affected at sites with magnetic soils and rocks. In an environment with highly magnetic soil, magnetic and electromagnetic sensors often detect large anomalies that are of geologic, rather than metallic, origin (Butler, 2003) . Therefore, it is crucial to understand the variability of the magnetic characteristics in a survey area. Improved detection and discrimination performance will only be realized when the interactions of magnetic soil material with geophysical sensors are understood and effi cient data reduction techniques have been developed.
The magnetic properties of soils result from the presence of Fe oxides in different forms and quantities (Mullins, 1977) . Paramagnetic and antiferromagnetic Fe oxides such as goethite and hematite are the most abundant Fe oxide minerals in soils but play a minor role in determining the magnetic character of a soil. Ferrimagnetic minerals such as magnetite, maghemite, and pyrrothite are the most magnetic of the Fe oxides, and are of primary importance in their effects on geophysical sensors. Iron oxide minerals can be both pedogenic (i.e., a product of soil formation) and lithogenic (i.e., unweathered minerals from the parent material) in origin. Two types of magnetic behavior associated with magnetic soil minerals can have a signifi cant impact on the magnetic and electromagnetic characteristics of the subsurface. Both magnetic susceptibility and viscous remanent magnetization (VRM) can have a negative effect on the performance of geophysical sensors (Billings et al., 2003) .
Currently, the knowledge of the spatial distribution and temporal evolution of soil magnetic properties in tropical and other soils is limited (Das et al., 2002; Van Dam et al., 2005b) . In Hawaii, soils are commonly highly magnetic, the cause of which is Fe-bearing minerals in the parent material. In Hawaii, the basaltic rocks contain signifi cant amounts of magnetite and other Fe-containing minerals (Wright and Clague, 1989) . In soils developed on the relatively uniform parent material of Hawaii, it has been shown, however, that the magnetic susceptibility varies signifi cantly across relatively short distances and depends strongly on the degree of soil development (Van Dam et al., 2004) . We conducted a fi eld and laboratory investigation for soils on Kaho'olawe and the Big Island of Hawaii. The objective of the study was to understand the magnetic mineralogy of soils by characterizing the origin, frequency dependence, and variability of the magnetic signature.
SOIL MAGNETICS
The presence of Fe oxides in different forms and quantities is the predominant cause of the magnetic properties of soils. Iron oxide minerals can be both pedogenic (i.e., a product of soil formation) and lithogenic (i.e., unweathered minerals from the parent material) in origin. Although pure Fe can occur naturally in rocks and soil, it is very rare. Specifi c types of Fe oxides, Fe-Ti oxides, and Fe sulfi des are the predominant causes of magnetic soil characteristics. Iron is the fourth most common element in the crust of the earth. Iron-containing minerals can be found in igneous rock such as basalt, gabbro, and granite, but also in metamorphic and sedimentary rocks. The concentration of (magnetic) Fe oxides in soils is affected by the parent material, soil age, soil-forming processes, biological activity, and soil temperature (Singer et al., 1996; Fabris et al., 1998) . Magnetite and ilmenite are among the most stable lithogenic Fe oxides. Overall, the Fe oxide content in tropical soils may be as high as several hundred grams per kilogram (Goulart et al., 1998) .
Many books and review papers have addressed the physical background of magnetic minerals in general (Lindsley, 1991; Thompson and Oldfi eld, 1986 ) and the magnetic mineralogy of soils in particular (Cornell and Schwertmann, 2003; Mullins, 1977; Stucki et al., 1988) . Three types of magnetization are commonly used to describe the magnetic behavior of a material:
1. Remanent magnetization occurs within ferromagnetic and ferrimagnetic minerals and exists in the absence of an applied fi eld. 2. Magnetic susceptibility-when a low-intensity magnetic fi eld is applied to a material, the net magnetic moment (magnetization, M) is proportional to the applied fi eld strength (H). Therefore, the low-fi eld magnetic susceptibility, which is defi ned as M/H and expressed per unit volume ( ) or per unit mass ( ), is a material-specifi c property. The magnetic susceptibility affects the performance of both electromagnetic and magnetic sensors (Billings et al., 2003) . 3. Viscous remanent magnetization refers to the delay of the secondary magnetic fi eld relative to the primary magnetic fi eld and has been linked to the presence of superparamagnetic (SP) grains (Dearing, 1994) . It causes frequency dependence in magnetic susceptibility, which has important implications for time-and frequency-domain electromagnetic sensors (Billings et al., 2003) . The formation of SP grains is generally considered to be associated with processes occurring under normal pedogenic oxidation-reduction cycles (Mullins, 1977; Thompson and Oldfi eld, 1986) , but the exact processes leading to recrystallization of these SP grains are poorly understood. Table 1 shows the magnetic class and magnetic susceptibilities for several Fe and Fe-Ti oxides, Fe sulfi des, and other soil constituents. Water and quartz are diamagnetic and have a small negative magnetic susceptibility. Hydrated Fe oxides like goethite, which is the most abundant Fe oxide in soils around the world, ferrihydrite, and lepidocrocite play a minor role in determining the magnetic character of soils. Also, hematite, which is the most abundant Fe oxide in tropical soils, pyrite, and ilmenite hardly affect the magnetic soil characteristics. As follows from Table 1 , the magnetic character of a soil is dominated by the combined amount of lithogenic and pedogenic ferrimagnetic magnetite (Fe 3 O 4 ) and maghemite ( -Fe 2 O 3 ) minerals in a soil (Ward, 1990) . Soils formed on basaltic parent material typically contain signifi cant amounts of magnetite or maghemite. These ferrimagnetic minerals originate from primary lithogenic Fe oxides in magmatic rocks such as magnetite (Fe 3 O 4 ), titanomagnetite (Fe 3 x Ti x O 4 ), and ilmenite (FeTiO 3 ). The average magnetite and ilmenite content of tholeiitic and alkali olivine basalts, characteristic for Kaho'olawe (Clague and Dalrymple, 1987) , lies between 37 to 46 and 24 to 50 g kg 1 (Wedepohl, 1969) .
MATERIALS AND METHODS

Kaho'olawe Field Site
Kaho'olawe is the smallest of the eight major islands in the state of Hawaii and lies approximately 11 km southwest of Maui (Fig. 1) . It is one of the smallest single-shield volcanoes of the Hawaiian Islands and is 1 to 2 million yr old (Wood and Kienle, 1990) . The rocks consist of tholeiitic and alkaline basalt of shield and capping stages (Clague and Dalrymple, 1987) . Kaho'olawe has not erupted in historic time and is considered to be extinct. Due to its position on the leeward side of Haleakala Volcano on Maui and its limited elevation (maximum 450 m), Kaho'olawe receives very little rainfall throughout the year. The annual rainfall is estimated to range from 250 to 600 mm (Nakamura and Smith, 1995) . Overgrazing by cattle (Bos taurus) that were fi rst introduced in 1864 has caused large areas of the island to be stripped of vegetation. The bare surface and the strong trade winds from the east have led to severe soil erosion. (Cornell and Schwertmann, 2003) .
are still not cleared. The magnetic properties of the Kaho'olawe geology and soils have been responsible for a large number of false positives in previous UXO detection surveys.
The Navy QA Grid that was selected for the geophysical measurements lies in the Kunaka/Na'alapa province and is dominated by soils of the Kaneloa and Puu Moiwi series (Nakamura and Smith, 1995) . The parent material of these soils is strongly weathered volcanic ash over strongly weathered basic igneous rock. The Kaneloa soils reach saprolite (weathered bedrock) within 40 to 75 cm from the surface, while the Puu Moiwi soils have a deeper soil cover. The soil colors range from reddish brown to brown for the Puu Moiwi soils and from brown to yellowish brown for the Kaneloa soils. For both soils the texture is mostly silty clay loam and both contain detectable amounts of hematite and magnetite at all depths (Nakamura and Smith, 1995) .
Big Island Field Sites
Hawaii is the youngest and largest of the islands in the Hawaiian archipelago and consists of fi ve subaerial and one submerged volcanoes. The ages of the volcanoes range from 0.43 million yr for Kohala Volcano in the north to active in the south. Potassium-argon dates of shield-stage tholeiitic basalts indicate an age of 0.375 million yr for Mauna Kea (Clague and Dalrymple, 1989) . This age should be treated with caution, as the individual lava fl ows at the surface show a wide range of ages (Wolfe and Morris, 1996) .
Both the Waimea Geophysical Prove-out near the town of Waimea and the Geophysical Prove-out at Waikoloa Village are part of the former Waikoloa Maneuver Area and lie on the northwestern fl anks of Mauna Kea Volcano in lava fl ows of the Hamakua Volcanics (Fig. 1a) . Lava fl ows originated from vents widely distributed across the fl anks of Mauna Kea and have both alkaline and tholeiitic characteristics (Wolfe and Morris, 1996) . The rocks contain variable amounts of olivine, plagioclase, and clinopyroxene phenocrysts. Rocks of the Hamakua Volcanics have been K-Ar dated between 250,000 and 65,000 yr (Pleistocene).
The parent material of the soils at both sites is young (relatively unweathered) basalt, covered by local tephra falls and windblown material of variable thickness. Mean annual rainfall ranges from to 150 to 500 mm near Waikoloa Village to 1500 mm near Waimea. As a result, the soils at the Waimea Geophysical Prove-out are better developed than those at the Geophysical Prove-out at Waikoloa Village, where soils are mostly stony and are characterized by surface rock outcropping. The Waimea soils are characterized by a shallow, organic-rich soil over shallow bedrock. Rocks are common at the surface.
Field Sampling and Measurements
Four soil pits located in areas that represent the variation in magnetic properties of the site were excavated in and around Test Grid 2E on Kaho'olawe (Fig. 1b) . The locations were selected based on previously collected time-domain electromagnetic (TEM) data, TEM data collected in this fi eld campaign (Walker et al., 2005) , and geomorphological characteristics of the terrain. Soil Pit KH-A was located in the area with the lowest magnetic background, just outside Grid 2E, while Soil Pits KH-B and KH-C were dug in areas with intermediate to high magnetic back- ground readings. Soil Pit KH-D was dug at a distance of approximately 75 m south of Grid 2E in a topographic low. All soil profi les were described using standard methods and samples were collected for laboratory analyses of soil texture, mineralogy, and frequency-dependent magnetic properties. A total number of 50 soil and two saprolite samples were collected from the soil pits. The magnetic susceptibility was measured at vertical increments of 5 cm using both Bartington MS2D (0.958 kHz) and MS2F (0.580 kHz) sensors (Bartington Instruments, Witney, UK). The 30-by 30-m Grid 2E that is located within the Navy QA area was subdivided into regular 5-by 5-m cells. A random number generator was used to select one sampling location in each cell. This stratifi ed random sampling strategy ensured a good coverage of the entire plot (Webster and Oliver, 1990) . At each of the 36 locations, the surface magnetic susceptibility was measured using a Bartington system with an MS2D sensor at a frequency of 0.958 kHz. Also, a frequency-domain Geonics EM-38 system (Geonics Ltd., Mississauga, ON, Canada) was used to calculate the magnetic susceptibility of the soil from the inphase component of a 14.6-kHz signal measured at 1.5 m above the ground and at the ground surface. Finally, at each of the 36 locations, surface samples were collected for laboratory analysis of soil mineralogy and frequency-dependent magnetic properties. We will focus on fi ve surface samples, indicated by the gray polygons in Fig. 1b .
The former Waikoloa Maneuver Area fi eld sites are designed as geophysical test locations. Both sites consisted of three 30-by 30-m grids. Due to security restrictions, our samples were collected from unseeded grids. We had no permission to dig soil pits and were restricted to surface sampling of both the Waikoloa and Waimea sites. The format of the surface soil sampling was similar to that on Kaho'olawe. At both sites, a 5-by 5-m grid was laid out inside the unseeded grid. From each 5-by 5-m grid, one random sample was taken. Thirty-six samples were collected from both sites. In addition, two samples of unweathered basalt were collected from a road cut from Kohala Volcano on the Big Island of Hawaii.
Laboratory Measurements
To understand the origin and mineralogy of the soils, and to characterize the frequency-and temperature-dependent magnetic properties, a range of laboratory measurements was performed. Samples were dried for a minimum of 48 h at a low temperature (<50°C) so as not to cause any chemical reactions. The soil and rock material was crushed (manually) to silt-and sand-size grain sizes where necessary.
Magnetic Susceptibility
To measure magnetic susceptibility, 10-cm 3 pots were fi lled for measurement of the magnetic susceptibilities and their weight was measured on an A&D GR-120 balance with 0.1-mg accuracy. Next, the volume-specifi c magnetic susceptibility ( ) was measured at two frequencies (0.46 and 4.6 kHz) using a Bartington MS2B dual-frequency sensor. All measurements were conducted at the 1.0 sensitivity setting. Each sample was measured three times, with an air reading before and after each series for correction of drift. The mass-specifi c susceptibility ( ) was calculated from the volume-specifi c susceptibility using = 10 /m, where m is the sample mass in grams (Dearing, 1994) . The (percentage) difference between readings at the two frequencies can be used to estimate the VRM of the samples. The frequency-dependent susceptibility was calculated using fd % = [( lf hf )/ lf ]100, where lf is the mass-specifi c susceptibility measured at a frequency of 0.46 kHz and hf is the mass-specifi c susceptibility measured at 4.6 kHz (Dearing, 1994) .
Chemical Dissolution Techniques
The content and composition of pedogenic Fe oxides was determined by selective chemical dissolution techniques. The total amount of secondary Fe oxyhydroxides (dithionite extractable, Fe d ) was determined using the concentrated citrate-dithionite method (Holmgren, 1967) . Poorly crystalline and amorphous Fe oxyhydroxides (oxalate extractable, Fe o ) such as ferrihydrite were extracted using the hydroxylamine procedure (Chao and Zhou, 1983) . The Fe content was measured using an Instrumentation Laboratory (Wilmington, MA) video 12 fl ame atomic absorption spectrometer. An increase in Fe d and Fe o are both indicative of weathering of mafi c minerals from ferrous (Fe 2+ ) to ferric (Fe 3+ ). Amorphous Fe oxides (Fe o ) are considered unstable under most conditions and are expected to be present only during initial soil formation, or when the presence of silicate and organics impede formation of crystalline Fe oxides (Cornell and Schwertmann, 2003) .
X-Ray Techniques
X-ray techniques were used to perform chemical, mineralogical, and crystallographic analyses of fi ne-powdered soil material. X-ray diffraction specroscopy (XRD) allows the identifi cation of polymorphic Fe oxides (for example -Fe 2 O 3 , hematite, and -Fe 2 O 3 , maghemite). Because of overlapping peaks in the resulting spectrum, however, it is very diffi cult to make the distinction between lithogenic magnetite (Fe 3 O 4 ) and pedogenic maghemite. Also, XRD cannot be used to identify poorly crystalline minerals such as ferrihydrite (Fe 5 HO 8 ·4H 2 O). We used a Rigaku D/MAX II x-ray diffractometer (Rigaku Americas, The Woodlands, TX) with a Cu anode to scan across a 2 range of 2 to 70° with a step width of 0.03° and a count time of 0.5 s per step. The Cu K 2 peak was removed using JADE software before peak search with the International Center for Diffraction Data (ICDD, Newtown Square, PA) database and its minerals subset.
X-ray fl uorescence spectroscopy (XRF) was used to quantitatively analyze the chemical composition of selected samples. To ensure homogeneity, mixtures of 1 g of fi nely ground soil material, 9 g of lithium tetraborate (fl ux), and 0.25 g of NH 4 NO 3 (oxidizer), were fused at 1000°C in a Pt crucible in an oxidizing fl ame for at least 30 min, and then poured into Pt molds to produce glass disks. These disks were used for all analyses using a Bruker AXS (Madison, WI) S-4 Pioneer, a 4-kW, wavelength dispersive instrument. The XRF element analyses were determined by reducing the x-ray intensities using SPECTRAplus software (from Bruker AXS), which uses alpha factors to determine the fundamental parameters. Twelve well-known standards were used for calibration. Accuracy was checked by analyzing two known standards.
Thermal Analysis
Thermal analysis refers to the study of the behavior of materials as a function of temperature change and gives information on sample composition, thermal characteristics of the sample, and the products formed during heating (Speyer, 1994) . While thermogravimetric analysis (TGA) shows the change in weight with time or temperature, differential thermal analysis (DTA) shows whether specifi c events are endothermic or exothermic. Several factors such as the heating rate, amount of sample, and particle size play a role in the shape of the curves and the magnitude of events (Speyer, 1994) . We used a Linseis Thermal Balance L81/1550 (Linseis Inc., Princeton Junction, NJ), which is sensitive to the nearest microgram, for approximately 250-mg starting weights. The instrument has a temperature range of 20 to 1550°C and a variable heating rate of 0.01 to 50°C min 1 .
Changes in magnetic susceptibility as a result of chemical transformations that occur due to temperature variations can be measured with a furnace and susceptibility meter combination. The effect of temperature on magnetic susceptibility ( T ) was measured with a CS-2 furnace and a Kappabridge KLY-2 AC susceptibility bridge (Advanced Geoscience Instruments Co., Brno, Czech Republic) using a 300 A m 1 induced magnetic fi eld at a single frequency of 920 Hz in an Ar (reducing) atmosphere. A small glass test tube is used to hold approximately 0.5 cm 3 of sample material during the susceptibility measurements. The mass is measured to normalize the recorded susceptibility values to the sample density. The test tube is then placed into a water-cooled jacket integrated in the Kappabridge.
A thermocouple device attached to the furnace rests directly on the sample. Susceptibility measurements began at room temperature and were taken approximately every 18 s while the temperature increased at about 10 C min 1 . Volume-specifi c instrument readings were normalized to mass-specifi c susceptibility.
RESULTS
Soil Descriptions
Soil Pit A (KH-A) is located in an area of low magnetic background (Walker et al., 2005) and magnetic susceptibility readings. The area has been signifi cantly eroded. Weathered bedrock is found within 40 cm of the surface (Fig. 2a) . A very thin remnant of a lower B horizon lies directly over the Co horizon. The surface color at this site is yellowish to dark gray to green (Fig. 1c) , similar to what is seen at depth in the bedrock. The entire soil profi le is dominated by partly weathered basalt or saprolite. The Co1 and Co2 horizons below the Bw/Co horizon are characterized by increasing amounts of saprolite. This soil, at the highest elevation of the four soil pits, has been subject to more severe erosion than the other soils. Before the erosion started, the Bw/Co horizon that is exposed here at the surface was located below A and B horizons in the profi le.
Soil Pit B (KH-B), the only one located within Grid 2E, has the highest magnetic background readings of any site (Walker et al., 2005) . In appearance, the soil is very similar to KH-C and KH-D, although the upper horizon appears more purple, perhaps indicating a higher hematite content. Six horizons were identifi ed, all of them showing signifi cant weathering (Fig. 2b) . There is no strong indication of clay translocation in the soil. Originally, these horizons may have been formed under an A horizon, characterized by the accumulation of organic matter, as found in most of the other soil types on Kaho'olawe (Nakamura and Smith, 1995) . The absence of an A horizon demonstrates the erosive history of the soil. Starting from a depth of around 0.4 m, the soil color gradually changes from red (10R) to yellowish red (5YR). Below 1.1 m, the amount of unweathered parent material in the soil increases, and the physical properties start to resemble the material in Soil Pit KH-A.
The profi les and horizon characteristics of Soils KH-C and KH-D are very similar to that of Soil KH-B and are not discussed in detail. One notable difference between Soil KH-D and the other soils is the 20-cm-thick layer of eolian or fl uvially deposited material on top of the original profi le. This soil is in a topographic low and has accumulated eroded material from the soils upslope.
Magnetic Susceptibility
A contour plot of the surface susceptibility readings for Kaho'olawe indicates a change from high values in the west and north of the grid to lower values in the east to southeast (Fig. 3a) . The region of large susceptibility corresponds to the area with a high TEM signal strength (Walker et al., 2005) . The values are comparatively much higher than on Waimea and Waikoloa ( Fig.  3b and 3c) . At the Waimea site, the ground surface was covered by grass and a shallow litter layer. The low bulk density and the high organic matter content reduced the susceptibility readings.
The laboratory Bartington measurements with the MS2B sensor system indicate a very large magnetic susceptibility in the top horizons of Soils KH-B and KH-C (Fig. 4) . Below a depth of 0.7 m, the magnetic susceptibility decreases signifi cantly to values similar to those found in Soil KH-A. The high magnetic susceptibility values in the Bw1 to Bw4 horizons (Fig. 2b ) are probably associated with the increase in concentration of Fe oxides, which are the most stable end product for low-pH soils in this climate. In Soil KH-A, the magnetic susceptibility values are much lower than those in Soil KH-B, and similar to values found for unweathered, fresh basalt from the Big Island of Hawaii (Fig. 4b-4d) . The magnetic susceptibility values (measured with the MS2D sensor) for the top horizons (Bw) in Pits KH-A and KH-B (1000 and 3000 10 5 , respectively) are consistent with those observed in the surface measurements (Fig. 3a) . Table 3 ). The open squares give locations of the soil pits.
The frequency dependence is highest in the B horizon of Soil KH-B (Fig. 4) . This trend is in agreement with observations in earlier studies and is usually associated with neo-formation of superparamagnetic ultra-fi ne maghemite (Mullins, 1977; Singer et al., 1996) .
Mineralogy X-Ray Analysis Results
Four soil samples from different depths in Soil Pits KH-A and KH-B were analyzed using XRD ( Table 2) . Comparison of the diffractogram peaks with the ICDD database has allowed us to qualitatively group the data into three categories: (i) present, for which the peaks in the diffractogram showed a good overlap with the database; (ii) indication of presence, for which there was overlap of most peaks; and (iii) not present, for which there was no or very poor overlap between peaks in the diffractograms and the database. Soil KH-A is characterized by the abundance of numerous minerals at all depths in the profi le. Kaolinite is only present in the top two samples. Gibbsite is present in all samples, except for Sample KH-A3, where an indication of the mineral's presence was found. Soil KH-B is dominated by the Fe oxide minerals goethite, hematite, and magnetite or maghemite in the top three samples. The absence of ilmenite, one of the most stable lithogenic Fe minerals (Cornell and Schwertmann, 2003) , shows that the soil material in KH-B is highly weathered. The Bw/Co horizon sample has characteristics similar to Soil KH-A: both gibbsite and muscovite are present, and an indication of the presence of hematite and magnetite or maghemite was observed. The yellowish color of Soil KH-A and the Bw/Co horizon in Soil KH-B can be caused by several factors. Among the Fe oxides, goethite is usually thought to be responsible for a yellowish soil color (Cornell and Schwertmann, 2003) . In this case, while there is no indication for a change in the amount of goethite, it is possible that a reduction in red-coloring hematite (Table 2) has resulted in more infl uence on the soil color from goethite. Alternatively, the color change may be explained by the presence of gibbsite (Nakamura and Smith, 1995) .
X-ray fl uorescence spectroscopy analysis was performed on fi ve surface samples from the Kaho'olawe, Waimea, and Waikoloa fi eld sites, as well as two samples of unweathered basalt from Kohala Volcano on the Big Island of Hawaii (Table  3 ). The samples can be grouped according to weathering stage. High Ca and silica contents show that the Big Island basalt samples are the least weathered ( Fig.  5a and 5b) , followed by the material from Waikoloa and Waimea. The Kaho'olawe soil samples are the most intensely weathered, but the surface samples show that the mineralogy varies widely, depending on the location in the grid. The degree of weathering increases from the saprolite in Soil KH-A (A9 in Fig. 5b ), through the lower weathered horizons (Bw/Co horizon in Soil KH-B; B15 in Fig. 5d ), to the material in the B horizon of Soil KH-B (B5 in Fig. 5c) .
Analysis of the XRF results indicates that initial weathering of the basaltic rocks caused Ca to disappear (Fig. 5a ) and silica contents to decrease (Fig. 5b) , leading to a relative enrichment of Al and Fe. Continued weathering leached out Al and increased the Fe content (Fig. 5c) . The Fe content is linearly correlated (R 2 = 0.97) to Ti (Fig. 5d) , which is considered to be very stable and least subject to transformations and phase changes. The Ti/Fe ratio agrees well with values reported in the literature for basic extrusive rocks (Piper, 1987) . Eight samples, representing the variation in magnetic properties in Soils KH-A and KH-B, were selected for TGA. In addition, one sample of saprolite (KH-A9) and a sample of fresh (unweathered) basalt from a road cut on Kohala Volcano on the Big Island of Hawaii were analyzed. The measurements were performed from room temperature up to 1515°C at a constant heating rate of 10°C min 1 . The results are presented in Fig. 6 through 8 . The plots of TGA give the normalized weight loss percentage and the fi rst derivative.
Thermal Analysis
In the plots of thermal analysis, fi ve distinct events can be recognized. In Table 4 , the observed events are correlated with literature data on the thermal behavior of soil material (Blazek, 1973; Földvari, 1991; Van Dam et al., 2002) . Event 1 (100-120°C) is associated with a loss of free and capillary water. The peak shifted to higher temperatures for more weathered, and thus more clay-rich, material. The endothermic Event 2 (300°C) may be related to the dehydroxylation of gibbsite (Table 4) , but the XRD analysis suggests that gibbsite is present only in Sample KH-A3 (Table 2) . Therefore, this effect more likely represents dehydroxylation of FeO OH polymorphs (probably goethite) and transformation to hematite (2FeO·OH Fe 2 O 3 + H 2 O) (Van Dam et al., 2002) . This reaction, and thus the presence of goethite, is absent in unweathered basalt from the Big Island (Fig. 8) . Strongly weathered Sample KH-B5 contains about 3.5 times as much goethite as Sample KH-A9. Events 3 and 4 are associated with the same mineral. The weight loss Event 3 around 500°C is probably caused by the loss of structural water from kaolin or mica type clay minerals, such as muscovite. Muscovite-type clay would be most prominent in young or relatively undeveloped material such as Soil KH-A and Sample KH-B15. In more weathered soil samples, such as KH-B5 and KH-B8, muscovite has deteriorated and the secondary clays are more stable. This observation is supported by the difference in clay minerals found using the XRD analysis ( Table 2 ). The exothermic Event 4 at around 950°C is caused by a chemical or structural change in muscovite-or kaolinite-type clay minerals. Event 5 is associated with the melting of hematite (Blazek, 1973) . Possibly, variations in crystallinity or cation substitutions caused the observed irregular pattern.
Maghemite is expected to produce an exothermic reaction between 510 and 570°C (Blazek, 1973) , while magnetite is expected to produce an exothermic reaction between 590 and 650°C. Possibly, the broad exothermic trend between 500 and 850°C in the DTA curves is related to this effect. Figure 9 shows the variation of Fe d and Fe o concentration with depth for Soils A through D. In all soil profi les, the amount of Fe d is larger than that of Fe o because dithionite extracts both amorphous and crystalline forms of Fe oxides. Furthermore, the Fe o /Fe d ratios are very small, which is indicative of the general maturity of the soils (Simón et al., 2000 (Fig. 9a) , the values for Fe d show a clear decline. This pattern is also observed in the measurements for fd % (Fig. 4d) and lf ( Fig. 4b) , respectively.
Chemical Dissolution Techniques for Iron Mineralogy
Temperature-Dependent Magnetic Susceptibility Analysis
Using a Kappabridge KLY-2 AC susceptibility bridge and CS-2 furnace, the magnetic susceptibility was measured across a broad temperature range of 30 to 650°C for eight samples from Soils KH-A and KH-B and three surface samples from the three fi eld locations. The susceptibilities at the start of the measurements (indicated by closed symbols, Fig. 10 ) agree reasonably well with the values found with the MS2 system (Fig. 4) . Small differences may be explained by intersample variations in mineralogy and by equipment effects (magnetic fi eld strength and frequency). The large discrepancy between starting susceptibility and that measured with the MS2 system for Sample KH-B15 is not understood at this point.
The results reveal the presence of a number of processes. The fi rst process is the general increase in susceptibility from room temperature to around 300°C. This is possibly the result of the production of small amounts of magnetite or maghemite under the infl uence of organic matter (Tite and Linington, 1975) . Another process is the broad peak in the susceptibility around 300°C, which is probably associated with the dehydroxylation of goethite, which was also observed in the TGA and DTA diagrams (Fig. 6 and 7) . Between around 450 and 520°C, the susceptibility rapidly decreased and completely disappeared. This effect is the result of the transformation of maghemite to hematite-a process that, under reducing conditions, is absent in magnetite (Cornell and Schwertmann, 2003) . This result shows that no lithogenic or pedogenic magnetite exists in any of the samples; lithogenic magnetite would retain its high susceptibility across the entire temperature range.
A number of differences were observed between the curves from Soils KH-A and KH-B (Fig. 10a and 10b) . The decrease in susceptibility associated with the transformation of maghemite to hematite started at a lower temperature for the samples from Soil KH-B than those from Soil KH-A. The different return curves differ markedly between samples from Soils KH-A and KH-B; samples from Soil KH-A show a gradual increase in with cooling, while Sample KH-B5 is characterized by a rapid increase, followed by a decrease in . The observed differences in T curves between samples from Soils KH-A and KH-B may be used as an estimate for the amount of hyperfi ne maghemite present, which would be an important new way to characterize the presence of superparamagnetic minerals. Because the processes and rates of thermal interconversions between maghemite and hematite are dependent on crystal size (Cornell and Schwertmann, 2003) , however, more research is required to make quantitative estimates of the proposed relationship between T and hyperfi ne maghemite.
DISCUSSION AND CONCLUSIONS
In Fig. 11 to 13, the different measures of mineralogy and magnetic properties are compared for selected samples. Not all analyses have been performed for all samples so that, in this discussion, there is a focus on the samples from Kaho'olawe and the fresh basalt from the Big Island of Hawaii. The XRF analysis of a large range of soils on Kaho'olawe and the Big Island showed that an increase in the degree of soil development is accompanied by a gradual increase in the Fe content of the soils (Table 3 , Fig. 5 ). For the samples from Kaho'olawe, this increase in Fe content, in turn, is positively correlated (R 2 = 0.87) with the lf (Fig. 11a) . The fresh basalt samples and soil material from Waimea, on the Big Island of Hawaii, seem to fi t with this general trend. The samples from Waikoloa, however, exhibit anomalously high magnetic susceptibility values (Fig. 11a) , which are as of yet unexplained. The positive correlation between Fe content and the 300°C weight loss event (estimated using the 260-320°C weight loss percentage in Fig. 11b [R 2 = 0.95]) indicates an increase in goethite content during initial soil development. For the most strongly developed soil material in Soil KH-B (thus excluding Sample KH-B15), however, the 300°C weight loss (~goethite content) stabilized at around 3.5 to 4%. The weight loss event at around Table 3 ), and a strongly weathered sample (KH-B5) from Soil KH-B on Kaho'olawe ( w/ T is the fi rst derivative of time-dependent weight loss). 500°C (estimated using the 480-550°C weight loss percentage), which can be related to loss of structural water from clay minerals, is inversely proportional (R 2 = 0.99 for Kaho'olawe samples) to the Fe content of the soil material (Fig. 11c) . This shows that muscovite-type clays, which are most prominent in relatively weakly developed soil material such as Soil KH-A and Sample KH-B15, are replaced by different clay types in more mature soil material, such as KH-B5 and KH-B8 (see also Table 2 ). The plots in Fig. 12 , which directly correlate the mineralogical data with the magnetic properties for Kaho'olawe Soils KH-A and KH-B and the Big Island fresh basalt, show two clusters of data points and one individual sample (the fresh basalt). These clusters may represent individual uncorrelated groups or indicate a lack of data for intermediate conditions. Since in most previous analyses the Kaho'olawe surface samples occupy intermediate positions between Soils KH-A and KH-B (see Fig.   5a -5d and 11a), we believe that it is likely that future analysis of the Kaho'olawe surface samples using thermal analysis and chemical dissolution techniques may fi ll the gap between the two data clusters. Figure 12a , which correlates the lf with the 300°C weight loss event (~goethite content), suggests that lf does not increase signifi cantly until the apparent maximum goethite content (Fig. 11b) is reached. For Kaho'olawe soils, the lf correlates negatively with the 500°C weight loss event, showing that a reduction in muscovite-type clays, which are more prominent in weakly developed soils, is associated with an increase in magnetic susceptibility. Figure 12c shows a positive correlation between lf and the 1400°C weight loss event (estimated using the 1350-1500°C weight loss percentage). This weight loss event is positively correlated with XRF estimated amounts of Fe 2 O 3 , SiO 2 , and TiO 2 , and is probably an indication of the sample's hematite content (Table 4 ). Figure 13 shows the correlation between the Fe o content and the fd % (~superparamagnetic minerals), suggesting that the amount of superparamagnetic minerals in a soil can be estimated not only through its fd %, but also using hydroxylamine extraction of amorphous Fe oxyhydroxides.
This study dealt with the mineralogical causes of the magnetic behavior of soils on Kaho'olawe and the Big Island, Hawaii. While the primary origin of the magnetic minerals in the soils is the basaltic parent material, the variation in mineralogy and magnetic properties of the soils refl ects a range of processes as well as the duration and intensity of weathering. For example, the relatively weak magnetic susceptibility of the Big Island sites is a refl ection of the low degree of weathering of the soils. On Kaho'olawe, which has an exposed surface, the variation in soil magnetic properties is related to the amount of erosion that the soils have received. Of the two soil series at our fi eld site, the Kaneloa soils, which are found in higher topographical locations, have been stripped of their B horizon. Magnetic measurements and mineralogical composition indicate that Soils KH-B and KH-A are separate segments of one continuous soil profi le, so that the Kaneloa and Puu Moiwi series (Nakamura and Smith, 1995) could be classifi ed as one soil type.
The results from this study show the mineralogical and magnetic effects associated with soil development on basaltic parent material. The XRD analyses show that some primary-rock minerals still persist in young soils (e.g., ilmenite in Soil KH-A), while newly formed Fe oxides are present in large amounts in the B horizon of Soil KH-B. The XRF analysis shows that initial soil development led to rapid leaching of Ca and a gradual decrease in silica, which resulted in a relative enrichment of Al and Fe. On Kaho'olawe, with a surface age of at least 1 million yr, the conditions have been favorable for leaching of Al and a further development toward an Oxisol with large amounts of Fe. Thermal analysis allowed estimation of the relative amounts of goethite and muscovite, both of which vary systematically with position in the soil profi le and correlate with the observed variations in magnetic properties. The results from the T analysis shows that the high magnetic susceptibility and the large VRM observed in geophysical surveys in Kaho'olawe are completely due to secondary, or neoformed, minerals.
